Alveolar bone supports teeth during chewing through a ligamentous interface with tooth roots. Although tooth loads are presumed to direct the development and adaptation of these tissues, strain distribution in the alveolar bone at different stages of tooth eruption and periodontal development is unknown. This study investigates the biomechanical effects of tooth loading on developing alveolar bone as a tooth erupts into occlusion. Mandibular segments from miniature pigs, Sus scrofa, containing M 1 either erupting or in functional occlusion, were loaded in compression. Simultaneous recordings were made from rosette strain gages affixed to the lingual alveolar bone and the M 2 crypt. Overall, specimens with erupting M 1 s were more deformable than specimens with occluding M 1 s (mean stiffness of 246 vs. 944 MPa, respectively, p ¼ 0.004). The major difference in alveolar strain between the two stages was in orientation. The vertically applied compressive loads were more directly reflected in the alveolar bone strains of erupting M 1 s, than those of occluding M 1 s, presumably because of the mediation of a more mature periodontal ligament (PDL) in the latter. The PDL interface between occluding teeth and alveolar bone is likely to stiffen the system, allowing transmission of occlusal loads. Alveolar strains may provide a stimulus for bone growth in the alveolar process and crest.
Introduction
Tooth movement from a developmental position in the dental arch to a functional position in the oral cavity coincides with the development of periodontal tissue that will support the tooth in occlusion. Bone on the alveolar ridge heightens as the tooth erupts, forming an alveolar crest that encircles the root. Although tooth eruption is generally considered to be the stimulus for alveolar bone growth (Marks and Schroeder, 1996; Moss et al., 1967) , the functional relationship of the tooth with the adjacent alveolar bone is unknown. This study investigates the biomechanical effects of occlusal loading on the developing bone during tooth eruption.
Teeth develop within bony crypts that protect the developing crown from external forces. Root growth corresponds with the intraosseous stage of tooth eruption in which resorption of bone overlying the crown provides an eruptive pathway. As the tooth emerges through bone, only the oral mucosa separates the crown from the oral cavity. Mucosal penetration occurs through apoptosis of overlying mucosal epithelial cells (Kaneko et al., 1997; Shibata et al., 1995) . Low levels of periodontal ligament (PDL) attachment also characterize the mucosal penetration stage of eruption (Berkovitz and Moxham, 1990; Bernick and Grant, 1982) , and without a firm tooth-to-bone linkage, the tooth is highly mobile in its developing alveolus. Although mucosa largely covers the tooth and the tooth has not yet reached the occlusal plane, pressure from the tongue or a food bolus could produce an occlusal load during mucosal penetration.
Our understanding of the deformation of alveolar bone during occlusion is derived from a few experimental studies and modeling of the loaded periodontium. Although strains in the maxilla and mandibular body have been measured during chewing in pigs (Herring et al., 2001; Rafferty et al., 2003) , and macaques (Hylander, 1979; Hylander et al., 1987) , these studies have not measured alveolar bone strain. Alveolar strain was measured on the mandibular surface in rabbits, and demonstrated large compressive strains on the chewing side (Weijs and de Jongh, 1977) . In vivo alveolar strain in the central incisor region of a human subject established that tensile strains dominated in the cervical alveolar region but were reduced apically (Asundi and Kishen, 2000) . The results of this latter study correspond with the findings of FEA modeling of human incisors in which cervical bone demonstrated high tensile stresses under occlusal load (Ona and Wakabayashi, 2006) . Additional models note the role of the periodontal ligament and alveolar bone in distributing bite forces (Kaewsuriyathumrong and Soma, 1993) and find that variations in alveolar bone stiffness affect strain distribution within the mandibular cortex (Chen and Chen, 1998) .
The above-mentioned studies provide insight into deformation of the tooth and periodontal tissues under load and its dependency on tissue mechanical properties, but lack information on strain distribution at different stages of periodontal development. This latter information is of critical interest because of the likely role of functional loads in promoting periodontal ligament growth and adaptation. This study, therefore, investigates in vitro alveolar strains with a view to understand how occlusal loads distribute differently at different stages of tooth eruption. With an axially applied compressive load, minimum principal strains in the alveolar bone supporting erupting M 1 s are predicted to be less than that of occluding M 1 s, and demonstrate greater variation. The rationale for this hypothesis is that the immature periodontal ligament in erupting M 1 s is likely to impair transmission of occlusal loads to the adjacent bone and to introduce greater variability in the load transduction pathway.
Materials and methods
In vitro alveolar bone strain was measured in left side mandibular segments of 7 miniature pigs with erupting first molars (M 1 ) and 6 miniature pigs with functional M 1 s. Pigs with erupting M 1 s were 12 weeks of age and pigs with functional M 1 s were 22 weeks. Lateral cephalograms and postmortem examination of the occlusal surface for wear were used to verify eruption and functional status. Tissues from pigs with erupting M 1 s were tested in the mucosal penetration stage, in which all cusps have progressed above the alveolar crest, but have not fully penetrated the mucosa.
Pigs were sacrificed and specimens were prepared, including M 1 and the posterior region of the deciduous third molar, dm 3 (Fig. 1) . Soft tissues were removed, including mucosa overlying the erupting M 1 . The occlusal surface of M 1 was ground flat with a dental drill to support even loading of the tooth, and the dm 3 was ground to a lower level for focused loading on M 1 . Mandibular segments were embedded in a base of dental acrylic that enclosed the mandibular body but exposed the alveolar bone. Rosette strain gages were affixed posterior to M 1 on the anterior wall of the M 2 crypt (Fig. 1) , and on the lingual cortex adjacent to the posterior M 1 cusps (Fig. 2) . The occlusal surface of M 1 was loaded in compression at 0.3 mm/s until 440 N using a materials testing machine (MTS/Sintech). This loading rate was selected to approximate the 2-3 Hz chewing rate of mini-pigs. The 440 N endpoint was selected as a load level likely to occur in both erupting and occluding molar teeth. A saline drip was used to maintain specimen moisture. Occlusal tape was placed over M 1 and the locations that ink transferred from the tape to the specimen during compressive loading was checked between tests. The even appearance of ink markings on the M 1 occlusal surface verified that the M 1 bore the compressive load exclusively. A series of five tests were performed to precondition the specimen, and data from a subsequent sixth test was used for comparison of overall specimen stiffness and alveolar strain. Stiffness was calculated as the slope of the linear region of the stress-strain curve between 200-440 N. Applied stresses were estimated by dividing compressive loads by the M 1 cross-sectional area. Overall specimen strains were calculated as the change in distance between compression platens divided by the pre-test distance. Strain gage measurements of alveolar strain were recorded simultaneously with occlusal loading, and principal strain magnitudes and orientations were calculated at 440 N. Conventional statistics were used in the analysis of stiffness measurements and principal strain magnitudes, including normal and nonparametric tests. Minimum principal strain orientations were calculated relative to the horizontal occlusal plane and analyzed using circular statistics, including circular mean and circular standard deviation (C.S.D.; Oriana, Kovach Computing Services). Strain angles were compared with the Watson-Williams F-test when the concentrations of the two samples were similar and sufficiently large (42); otherwise, the data were compared with the Watson's U 2 test (Fisher, 1993) .
Histology of the M 1 periodontium was performed on erupting (N ¼ 3) and occluding M 1 s (N ¼ 3). Specimens were cut from mandibles postmortem and decalcified in 8% EDTA. Tissues were paraffin embedded, and parasagittally sectioned at 7 mm. Deparaffinized slides were stained with a Van Gieson stain (Sigma-Aldrich) to highlight collagen fibers. The orientation of the sections allowed visualization of periodontal tissues anterior and posterior to the root, but not on the lingual or labial sides.
Results

Total specimen deformation
Specimens with erupting and occluding M 1 s had similar M 1 cross-sectional areas (Table 1) . Load-deformation curves show a linear region for all specimens, but greater deformation of specimens with erupting M 1 s than occluding M 1 s (Fig. 3) . The calculation of stiffness from stress-strain curves also shows the erupting M 1 specimens to be more deformable than specimens with occluding M 1 s (mean stiffness of 246 vs. 944 MPa, erupting vs. occluding M 1 s, respectively; 2 sample t-test, p ¼ 0.004). Occlusal tape overlay the test specimen and transferred ink to locations on the specimen that received load. Rosette strain gages were applied to the lingual alveolar surface and the M 2 crypt distal to M 1 and strain recordings were made simultaneously with compressive loading. postero-superior to antero-inferior in others (Fig. 4) . In specimens with occluding M 1 s, the average orientation of the minimum principal strain was 1011730 (C.S.D.), and showed minor deviations in the axial load direction that were opposite to the erupting specimens, i.e. antero-superior to postero-inferior. The orientation of e 2 in #4134 was an outlier; however, these lingual strain magnitudes were also very low (o100 me). Differences in e 2 orientation, the deviation from the axial load orientation or in angular variation were not statistically significant between groups.
ARTICLE IN PRESS
Crypt gages in erupting M 1 s showed similar levels of e 2 to lingual gages, but surprisingly high levels of e 1 , averaging almost 900 me (Table 2 ). e 1 was significantly larger than e 2 (Wilcoxon signed rank test, p ¼ 0.02), and this difference remained significant even after exclusion of #4425 (Table 2 ). In two specimens (#4425, #5060), both values were tensile, suggesting a posterior bulging of the crypt bone. The lingual strain magnitudes in both specimens were low, suggesting that the alveolar crypt bone bore the majority of the load. Excepting #4718, which was tipped, e 1 orientations were parallel with the occlusal plane, and e 2 were perpendicular (Fig. 4) .
In specimens with occluding M 1 s, crypt strains were not predominantly tensile and no specimen showed principal strains with the same sign ( Table 2) . Compression ranged from À90 to À730 me (Min) and tension from 128 to 367 me (Max). Similarity in strain magnitudes between e 1 and e 2 among some specimens suggested high levels of shear. Although the average orientation of e 1 was nearly perpendicular (1001), this is because 2 specimens were buccal-oblique and three were lingual-oblique (Fig. 4) , but none were actually perpendicular. Comparisons of crypt strain magnitude and variation showed no significant differences between specimens with erupting and occluding M 1 s; however, variation tended to decrease in e 1 and was similar for e 2 ( 
Histology
In erupting molars the horizontal, alveolar crest, and oblique PDL fibers show definition; however, the fiber density is sparser than in the PDL of occluding molars (Fig. 5) . The alveolar bone of erupting molars is lined with osteoblasts and thick fiber bundles protrude from the bone and cementum except in the apical 1/3 of the root where the fibers adjacent to the bone appear disorganized. Thick fibers protrude from the cementum, except in the root apex where fibers are less developed. A fibrous layer adjacent to the cementum is aligned with the tooth root, whereas other fibers appear to extend across the ligament space toward the bone. The roots of erupting molars appear shorter than those of occluding molars. The PDL of occluding molars appears narrower than erupting molars and features dense fiber bundles that extend obliquely across the ligament space. Fibers are embedded in cementum and bone throughout the PDL space, and appear more densely embedded in bone in occluding molars.
Discussion
Load transmission within the periodontium involves the fibrous and loose connective tissue of the periodontal ligament, as well as alveolar bone. As a unit these structures counter occlusal forces, although the respective role of each component is not well understood (Moxham and Berkovitz, 1995) . Ligament fibers occur in bundles that traverse the space between bone and cementum obliquely toward the root apex, and are presumed to resist tooth displacement (Picton, 1989) . PDL fibers are embedded in the alveolar bone proper, which in forming the interior of the alveolus bears the ligament stress and distributes these forces to cancellous bone. Proteoglycan aggregates embedded in the ligament fibers support the ligament and exert a swelling pressure that resists compression. These hydrophilic molecules contribute to the viscoelastic properties of the ligament in that water is extruded from the loaded tissue. The proteoglycans rehydrate when the load is removed, restoring the tissue's shock absorption potential (Embery et al., 1995) .
The load-deformation curves in this study correspond with previous studies of periodontal displacement under tooth load, and are consistent with individual mechanical testing of PDL and bone. Intrusive axial loading of teeth generally shows an initial phase of high displacement at low loads and a secondary phase of decreased displacement and increased load (Picton, 1989;  ARTICLE IN PRESS Shimada et al., 2003) . Both erupting and occluding specimens showed an early phase of high displacement that was reduced in a secondary phase; however, in specimens with erupting M 1 s the displacement was higher than in erupted M 1 s at both the early loading phase and secondary linear region of the curves (Fig. 3) . Mechanical testing of the PDL reveals high deformability, viscoelasticity, and a biphasic nature of the stress-strain curve (Driel et al., 2000; Komatsu et al., 1998) , and these characteristics have been specifically established for pig PDL (Dorow et al., 2002 (Dorow et al., , 2003 . Bone is less deformable than the PDL, and behaves elastically as an instantaneous response to stress and viscoelastically under a persisting load (Linde, 1994; Robertson and Smith, 1978; Schoenfeld et al., 1974) . Thus, the biphasic load-deformation curves in this study probably reflect the deformation of the PDL, with the alveolar bone contributing to the rigidity of the tooth support.
The greater deformation of the periodontal tissue in erupting versus occluding specimens corresponds with the lesser development of the periodontal ligament. Denser fibers were seen in the PDL from occluding M 1 s, as well as greater connectivity between root and bone. In an ex vivo study of continuously erupting incisors in rodents, regions of greater ligament development also demonstrated greater resistance to load (Komatsu et al., 1998) . Greater in vivo mobility in erupting vs. fully erupted teeth has also been demonstrated in monkeys (Mü hlemann, 1954) and ferrets (Moxham and Berkovitz, 1989) .
Because the PDL in erupting M 1 s is immature, the ligament is unlikely to transmit occlusal loads. Instead, compressive loading of the erupting tooth may cause the mobile tooth to press against the adjacent bone and generate bone strains that are similar in magnitude to those transmitted by the PDL in the occluding M 1 . The lesser development of the PDL in erupting vs. occluding M 1 s was predicted to result in lower minimum principal strains in alveolar bone of erupting teeth. Although there was a trend in this direction for e 2 , strains were too variable for statistical significance. Indeed, a post hoc power analysis indicated that only 60% power was achieved with the current sample.
More than influencing strain magnitudes, PDL development may direct strain orientation. During mucosal penetration, the crown has emerged only partway from the developing alveolus and the PDL is immature, permitting mobility and providing little stability against occlusal loads. Because the anterior cusps of M 1 erupt prior to the posterior (Fig. 1) , the PDL of the anterior roots develops in advance of the posterior. Correspondingly, the less mature posterior PDL is likely to generate greater mobility in the tooth's posterior. In the lingual gage, the mean compressive strain angle of 631 may reflect greater periodontal fixation of the anterior versus posterior cusps (Fig. 4A) . At the crypt gage of erupting M 1 s, axial loading is directly reflected in posterior alveolar bone deformation with a mean strain orientation of 871. Because the immature PDL is unable to absorb and direct occlusal loads to the bone, the crypt gage strain simply reflects the axial sinking of the tooth within the alveolus. The absence of a functional PDL suggests that the unexpected high magnitude horizontal tensile strains in the crypt gage are the result of the mobile posterior crown pressing directly against the crypt.
In occluding M 1 specimens, compressive strain orientations probably reflect the maturity of the PDL and its role in transmitting occlusal loads to adjacent bone and providing greater stability to tooth position. Lingual alveolar strains showed an antero-superior to postero-inferior orientation with a mean of 1011, indicating the posterior PDL was equal or superior to the anterior PDL in providing tooth support. The crypt gage never indicated direct contact of the tooth with alveolar bone, but showed a tendency to tip either lingually or buccally, shearing the bone.
Although in previous studies of skeletal development and functional adaptation, variability in bone strains decreased with maturity (Bertram and Biewener, 1988; Herring et al., 2005; Main and Biewener, 2004) , a reduction in strain variation could not be demonstrated between alveolar bone supporting erupting vs. functioning teeth. On the other hand, coefficients of variation do show a decreasing trend for all of strain magnitudes except the crypt min where the C.V's. were similar (Table 2) . Strain angles did not show a decrease in circular standard deviation between erupting and occluding specimens and this may be explained by the techniques employed. Occlusal surfaces were flattened to reduce load bearing variability and in vitro axial compressive loading of occlusal surfaces provided a more consistent orientation of applied load than did the chewing or locomotory cycles in ARTICLE IN PRESS the cited studies. Thus, erupting M 1 specimens did not show the predicted greater variation in strain orientation because the orientation of applied load limited variation in bone strain orientation.
Overall these results do not refute the predictions of higher strains and lower variability in occluded molars, but neither do they provide support. Rather, the results reflect a change in strain pattern due to the maturation of the PDL. The ability of occlusal loads to deform bone surrounding both erupting and occluding M 1 s supports the idea that occlusal loads can influence bone formation. High bone strain is thought to stimulate apposition until the reinforced bone reduces strain levels (Frost, 1987; Turner et al., 1994) . In erupting M 1 s, deformation of alveolar bone in association with tooth loads is likely to trigger apposition within alveolar processes and at alveolar crests. With increasing occlusal movement of the tooth, bone may be added at alveolar crests to counter the increasing deformation incurred by mechanical pressure in the oral cavity.
